Abstract-The scanning electron microscope (SEM) method of fibre sizing assumes that all fibres lie flat on filters. This appears to be true for samples deposited from aqueous suspension, but in some airborne samples only about 60% of fibres lie flat on the filter surface and many of the rest are balanced at high angles to the filter surface. These inclined fibres will appear foreshortened when the filter surface is viewed in conventional orientation during SEM analysis. This could lead to an underestimation of fibre length and some fibres may be so foreshortened that they do not appear to fulfil the criteria of a fibre. The results of a preliminary investigation of the effects of variable fibre inclination in fibre counts and size data for two fibre types suggest that the SEM data do give an underestimate of the number, length and therefore volume of longer fibres in some samples. This suggests that it is important to consider fibre inclination when SEM analysis of airborne fibre samples is performed. Our preliminary observations suggest that is unlikely that it will be possible to derive widely applicable correction factors to allow for orientation effects.
INTRODUCTION
There are several widely used methods for the determination of airborne fibre concentrations and fibre size distributions by scanning electron microscopy (SEM) including those developed by the WHO (1985) , the AIA (1982) and the VDI (1989) . SEM determinations of airborne fibre concentrations and size distributions have been widely used both in occupational hygiene studies, e.g. Cherrie et al. (1987) , Schneider et al. (1993) and Hori et al. (1993) , and in determining dosage in inhalation toxicity studies, e.g. Muhle et al. (1987) . Previous investigations of the reliability of SEM fibre analysis have examined operator differences, filter preparation, image quality, microscope resolution, the measurement of fibres on micrographs rather than directly on the SEM screen, the effects of counting rules and the possibility of fibre losses during the transport of filters (Kauffer et al., 1993; Crawford et al., 1987; WHO, 1985; Cherrie, 1982; Spumy, 1982; Teichert, 1982; Schneider, 1978) . There has been no published investigation of a basic assumption that underlies SEM fibre counting and sizing, namely that fibres lie flat on the filter. Tilting the SEM stage indicates that many fibres in airborne dust samples are not flat but are at a high angle to the filter surface (Fig. 1 ). These 'high angle' fibres will be foreshortened when the fibre is viewed in conventional orientation and the 'end on' view of a fibre may have an aspect ratio less than 3:1 or an apparent length less than the minimum being counted. Fibres might therefore be measured as much shorter than reality, or not counted. This suggests that SEM fibre counts for airborne samples may underestimate both the number and size of fibres present. In contrast, 46 C. Mclntosh and A. Searl samples may underestimate both the number and size of fibres present. In contrast, fibres deposited from aqueous suspension lie fairly flat on filters and SEM sizings and fibre counts will be unaffected by inclination effects.
A preliminary investigation of the possible effects of fibre orientation on the precision of SEM fibre analysis of airborne samples has been made by examining the variation of fibre inclination within three samples each of two fibre types (long fibre amosite, glass fibre Johns Manville Code 100/475) used in inhalation studies at the IOM. The effects of fibre orientation on the precision of SEM data have been further investigated by performing comparative TEM fibre counts and sizings for some of the samples for which angular data have been obtained. The preparation of airborne fibre samples for analysis by transmission electron microscope (TEM), has the effect of redepositing fibres flat on the TEM grid so that TEM fibre analysis should be unaffected by inclination effects. We have also examined a number of occupational hygiene samples to confirm that inclined fibres also occur in real workplace samples. The main aims of this preliminary investigation into the effects of fibre orientation were to establish approximately how many fibres might be missed from counts and to what degree fibre lengths might be underestimated. Other aims were to investigate whether fibre type affects the proportion of fibres landing at a high angle on the filter and whether it is likely that correction factors could be developed to allow for the effects of variable fibre inclination on fibre size data.
METHODS
A number of fibre samples on polycarbonate filters have been examined by electron microscopy to qualitatively determine the extent to which fibres either lie flat or are balanced at an angle to filter surfaces. These samples were examined by SEM both as a flat surface viewed from above (the conventional orientation) and, in side view, with the samples tilted through almost 90° (>88°) around an axis parallel to the place of the filter surface. With our microscopes (a Cambridge S250 Mkll and a Hitachi S520), it is only possible to have a fully focused field of view and to be able to quantify the area of field of view when the filter is viewed in conventional orientation. The mechanics of tilting the stage are such that it is difficult to switch from the conventional view from above to a side view during the routine investigation of individual fibres.
Angular data were collected for six samples that had previously been sized with the filter in conventional orientation. All six filters were qualitatively checked to ensure fibres showed no preferred orientation within the place of the filter. This was verified by measuring the angular orientation of fibres within the plane of the filter for one sample of code 100/475 glass fibres (Fig. 2) . The filters were then examined in side view at a screen magnification of x 6000. In this investigation, the axis of tilt of the SEM stage was fixed and this constrained angular measurement to the apparent inclinations as seen in side on view (i.e. we were unable to rotate the sample in three dimensions to allow measurement of the true angle of inclination of fibres to the filter surface). The apparent angle of inclination of a fibre in this view is greater than or equal to its true inclination. The apparent angles of inclination to the filter surface of the first 100 fibres observed in randomly selected fields of view were measured (inclined fibres) or recorded as 0° (flat-lying fibres). Measurements were made to the nearest 10° using a protractor on the SEM screen.
Further samples of four filters were then prepared for TEM analysis. As far as possible, samples of the same filters were used for both the angular investigation and the comparison of SEM and TEM sizings. There was, however, insufficient filter left to allow preparation of TEM grids for all the samples used for the angular investigation. It was therefore necessary to use a further sample of the code 100/475, but this additional filter was collected during the same experiment and under the same conditions as the filters used in the angular investigation.
The original sizings were performed using the Cambridge and Hitachi SEMs with the sample in conventional orientation at a recorded screen magnification of x 10000 such that 1 cm on the screen was equivalent to 1 /mi. The replicate TEM sizings were performed with a Hitachi H7000 at a recorded screen magnification of x 8000, with 1 cm on the screen again equal to 1 /mi. For each of the analyses, 100 fibres with lengths >0.4 /im were measured and a further 100 fibres with lengths > 5 fim were also sized.
RESULTS

Angular data
Preliminary observations had suggested that most fibres are either approximately flat on the surface of polycarbonate filters (unless obstructed by other material on the filter surface) or approximately end on. This was largely verified by the measured angular data which appear to be bimodally distributed with about 60% of fibres flat on the filter surface and about one quarter (12-34%, mean = 23.5%) resting at angles >70° (Tables 1 and 2 ). Given that the filters could only be viewed from one direction, these data give an overestimate of the angles of inclination of fibres to the filter surfaces. The data for both fibre types indicate that a similar proportion of fibres are flat (59%) or at an angle (41%) for each fibre type. Our examinations of a number of other airborne fibre samples, including para-aramid, chrysotile and silicon carbide whiskers, suggest however that fibre type may have an effect on inclination. Both />ara-aramid fibres and silicon carbide whiskers appear to have a greater tendency to rest at high angles to filter surfaces than chrysotile, glass or amosite. It was not possible to measure fibre length and orientation simultaneously, but, by inspection, it appears that fibre orientation is not affected by fibre length. Fibres that are inclined at high angles to filter surfaces do not appear to eventually collapse on to the filter. The IOM has airborne dust samples collected 4 years ago that still contain a high proportion of 'high angle' fibres (samples from these filters were not gold coated until immediately before recent SEM analysis and therefore the orientation of fibres has not been inadvertently preserved through gold coating). The number of 'high angle' fibres in samples does not appear to be reduced if filters are gold coated prior to sampling.
Comparison of SEM and TEM fibre analysis data
Fibre concentrations measured by TEM are generally greater than those measured by SEM for individual samples (Table 3 ). The data are not however consistent and the measured concentrations of long fibres in some samples appears to be greater when measured by SEM than with TEM. When the data from all four samples is pooled, fibre concentrations measured by SEM are only about 80% of those measured by TEM for the longer length classes (> 5, 10 and 20 /mi). The mean results also indicate however, that many small (0.4-1 fim in length) and thin fibres Table 3 . Fibre concentrations (f ml" 1 ) as measured by electron microscopy for airborne chamber samples in inhalation experiments for the two fibre types for which angular data has been measured (Tables 1 and  2 ). There was insufficient filter left to allow preparation of TEM grids for some of the samples used for the angular investigation. It was therefore necessary to use a further sample of the code 100/475, but this filter was collected under the same conditions as the filters used in the angular investigation (0.1 fim thick) that can be seen using the TEM are not observed with the SEMs. Few of the very thin fibres measured by TEM are longer than 5 fim, and very few are longer than 10 fim. Examination of TEM grids prepared from airborne samples with the Hitachi SEM indicates that virtually all fibres lie parallel to the grid surface.
DISCUSSION
Fibre orientation and predicted implications for the precision of fibre measurement
The angles of inclination of fibres surfaces may be bimodally distributed because the fibres that land initially at intermediate angles tend to fall flat on the filter surface. The long-lived nature of the effect and the failure of gold coating the filter to counteract the effect, both suggest that something other than electrostatic forces are involved in determining fibre inclination to filter surfaces. One possible explanation is that high angle fibres are embedded in the filter. Although the force per unit area exerted on the filter surface by incoming fibres is very small, the spongy interior of polycarbonate filters may deform relatively readily to accommodate incoming fibres.
The proportion of fibres at a high angle to the filter surface suggest that some fibres within airborne samples may not be counted because they are in an orientation such that they do not appear to fulfil the criteria set for fibres. The number of these 'missing fibres' would be very sensitive to the fibre size distribution and the fibre definition employed. If, for example, in a sample of fibres that are similarly oriented to the amosite and code 100/475 fibres measured here, only a tiny proportion of the fibres are <5 fim long, then the angular data in Tables 1 and 2 suggests that < 10% of fibres are likely to be missed if all fibres longer than 0.4 /im are counted (Table 4) . If, however, most of the fibres are between 1 and 5 fim long, then up to 25% of the fibres might be missed. If only fibres longer than 5 /zm are counted, then even if virtually all the fibres are > 10 /im long, up to 30% of the fibres would have apparent lengths too short to be included (Table 4 ). This degree of error is however much less than the differences recorded between SEM fibre counts performed in different laboratories which can differ by as much as 50% of the mean value (Crawford et al., 1987) . Using standard procedures, the fibres that are not flat on the filter surface will be measured as much shorter than their true length. This in turn could have a marked effect on recorded fibre size distributions, calculated average fibre dimensions and total fibre volumes. The true length of an inclined fibre can be calculated from its angle of inclination to the filter and its apparent length in the plane of the filter (true length = apparent length/cosine of angle of inclination). Given that the measured angles are all greater than or equal to the true angles of inclination, summation of the cosines for the apparent inclinations of fibres, allows minimum estimates to be made of true mean lengths and total volumes. The summation of cosines for both the long fibre amosite and the code 100/475 glass suggest that true mean lengths and average volumes might be up to one-third greater than the values derived from the apparent lengths (Table 5 ). The bimodal distribution of apparent inclination of fibres to the filter surface precludes the calculation of a simple correction factor to generate the true distribution of length data. Table 5 . Summation of cosines for total long fibre amosite and code 100/475 (the mean cosine represents the fraction by which total or averaged apparent lengths are of the true total or averaged lengths)
Mean cosine
Long fibre amosite 0.75 Code 100/475 0.79
Comparison of SEM and TEM fibre size data
The mean ratios of fibre concentrations as determined by SEM to those determined by TEM for the longer length classes (> 10 and >20 fan) are about 80%. These are close to what might be predicted if the originally inclined fibres were reorientated during preparation for TEM analysis. The much higher concentrations of small fibres (<1 /zm long) measured with the TEM than with the SEMs (Table 4) reflect the greater resolution of the TEM (the longer fibres have thicker diameters, so that there is less difference in resolution between the SEMs and TEM for the longer length classes).
The inconsistency of the relationship between fibre concentrations measured by SEM and TEM for individual analyses (such as the low concentrations of long fibre amosite for the longer length classes measured with the TEM) suggests that the random errors associated with the measurement and counting of 100 fibres/analysis are greater than the errors introduced by fibre inclination effects.
Future EM fibre analysis
The angular data we have collected suggest that fibre orientation could affect the accuracy of EM fibre analysis. The errors in EM fibre measurements introduced by the effects of fibre orientation might be reduced by more complex methods of sample preparation for EM analysis which effectively redeposit the fibres. Some authors suggest that airborne samples should be prepared for SEM analysis by first ashing the filter to remove organic material and then redepositing the sample on a polycarbonate filter (e.g. Spumy, 1994) . This should remove the fibre orientation problem but there is the potential for fibres to be lost during sample handling and an increased likelihood of sample contamination. Ashing will also be inappropriate if the fibre of interest is organic in nature. The preparation of samples for TEM analysis, requires slightly less handling and SEM examination of TEM grids indicates that very few fibres remain inclined to the surface. Although there has been the suggestion that fibres can be lost during preparation of TEM samples (Sebastien, 1985) , we have been unable to detect any fibres in the fluids used during dissolution of the original filter. The greater resolution of the TEM compared with the SEM does however mean that the results generated from TEM analysis are not directly comparable with those generated from SEM analysis.
Given that the errors associated with fibre orientation appear to be of similar magnitude to random errors in fibre measurement, it is doubtful whether the benefits of more sample preparation would outweigh other errors introduced by the extra sample handling involved. The apparent differences between different samples and different fibre types in the proportion of fibres that are trapped at high angles to the filter surface, suggest that fibre inclination should be an important aspect of routine EM analysis of airborne samples. For most samples, it should be sufficient simply to examine filters in side view to qualitatively determine that most (>50%) fibres are flat on the filter surface. 
CONCLUSIONS
This preliminary study of fibre orientation in airborne dust samples suggests that only about 60% of fibres in these samples of amosite and glass microfibre lie flat on the filter surface. The remaining fibres are inclined to the filter surface and about 20% of fibres in some samples are at angles >70°. Qualitative examination of other samples suggests that for some fibre types, most fibres are at a high angle to, rather than flat on, the filter surface. The effect is long-lived (several years) and is not reduced by gold coating filters prior to sampling.
Fibre orientation may significantly affect the precision of some SEM fibre measurements. The foreshortening of fibres resting at high angles to the filter surface in airborne fibre samples may lead to underestimation of fibre lengths and some fibres may not appear to fulfil the criteria of fibres. The number of fibres that may be omitted from SEM analyses because of orientation effects is sensitive both to the distribution of fibre lengths and the fibre definition used.
It would be possible (but time-consuming) to develop 'missing fibre' correction factors for SEM counts of individual airborne samples.
Comparison of SEM and TEM data for individual airborne samples suggests the errors in SEM fibre analysis that are due to orientation effects are of similar magnitude to other sources of error in EM fibre analysis.
Fibre inclination should be considered during SEM analysis of all airborne fibre samples. For many applications, however, a quick SEM examination of the filter in side view will be sufficient to determine whether fibre orientation is likely to be a serious source of error in SEM data sets (i.e. if most of the fibres are at an angle to rather than flat on the filter surface).
The problem of fibre orientation might be eliminated from EM fibre analysis by using more complex methods of sample preparation, the extra handling of samples, however, increases the likelihood of possible fibre loss during sample preparation.
